DNA in human cells is constantly assaulted by endogenous and exogenous DNA damaging agents. It is vital for the cell to respond rapidly and precisely to DNA damage to maintain genome integrity and reduce the risk of mutagenesis. Sophisticated reactions occur in chromatin surrounding the damaged site leading to the activation of DNA damage response (DDR), including transcription reprogramming, cell cycle checkpoint, and DNA repair. Histone proteins around the DNA damage play essential roles in DDR, through extensive post-translational modifications (PTMs) by a variety of modifying enzymes. One PTM on histones, monoubiquitylation, has emerged as a key player in cellular response to DNA damage. In this review, we will (1) briefly summarize the history of histone H2A and H2B ubiquitylation (H2Aub and H2Bub, respectively), (2) discuss their roles in transcription, and (3) their functions in DDR.
Prologue
As a part of Mick Smerdon's "DNA Repair Shop" group, Peng (a former postdoctoral fellow) and I (Rithy, his last graduate student) would like to thank Mick for his guidance and for allowing us to work for him. It has been easy to discuss our projects with Mick, and his breadth of knowledge on DNA repair has allowed us to gain new perspectives on our projects. Our conversations with Mick will not just give us insight on DNA repair but also life. Sometimes a "quick" 5-min conversation in his office may turn into one hour plus tangent on the ETH Zürich University or his makeshift fluorometer, but it will eventually relate back to the original topic of nucleosomes and excision repair. Mick has been a supportive mentor and an invaluable teacher; therefore, we would like to dedicate this review to Mick Smerdon.
Introduction

H2A ubiquitylation enzymes
Protein ubiquitylation is an enzymatic process requiring the sequential activities of ubiquitin activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3), reviewed in Hochstrasser [14] . Even though H2Aub was discovered in the 1970s, the E3 ligase for this modification was not identified until 2004 [15] . Wang et al. developed an elegant system to fractionate HeLa nuclear proteins and monitor H2A ubiquitylation enzymatic activity in each fraction. With this technique, they found that the human Polycomb repressive complex 1(PRC1)-like is responsible for H2A ubiquitylation at K119 [15] . Three subunits (Ring1, Ring2, and Bmi-1) in this complex contain RING (Really Interesting New Genes) finger domains and can potentially function as E3 ubiquitin ligases. However, only Ring2 (Ring1B/Rnf2) is able to ubiquitylate H2A in vitro, suggesting Ring2 is the E3 ligase for H2AK119. Indeed, in vivo knockdown of Ring2 expression significantly reduces H2Aub in Drosophila [15] . Even though the other two RING domain-containing subunits, Ring1 and Bim1, are unable to ubiquitylate H2AK119 directly, their presence greatly stimulates the ligase activity of Ring2 for H2A [15, 16] .
In addition to Ring2, Zhou et al. have identified 2A-HUB as another E3 ligase for H2AK119 [17] . 2A-HUB is also a RING finger protein, and is able to ubiquitylate H2AK119 in vitro [17] . Overexpression of 2A-HUB gene in HEK293T cells leads to increased H2Aub levels [17] . However, Zhou et al. did not report the effect of 2A-HUB knockdown on H2Aub, leaving an unaddressed question as to how much Ring2 and 2A-HUB each contributes to H2AK119 ubiquitylation.
K119 is not the only ubiquitylation site on H2A, as recent studies have demonstrated that K13 and K15 of H2A can also be ubiquitylated [18, 19] . These two residues are located on the N-terminal tail of H2A protruding out from the nucleosome core and are far from K119 in the nucleosome core particle. Additionally, the ubiquitylation at K13 and K15 is not catalyzed by Ring2 or 2A-HUB, and ubiquitylation of these residues is independent of the canonical ubiquitylation at K119. Instead, the E3 ligase RNF168 (RING finger protein 168) is responsible for ubiquitylating H2A at K13 and 15 in response to DSBs [18, 19] .
H2A ubiquitylation at K119 represses transcription
Both E3 ligases for H2AK119, Ring2 and 2A-HUB, are associated with gene repression, suggesting H2AK119 ubiquitylation plays a role in transcription repression. Ring2 has been shown to associate with several important repressive complexes such as PRC1, reviewed in Weake and Workman [8] , and 2A-HUB is associated with the histone deacetylase complex N-CoR/HDAC1/3 [17] . Indeed, compelling evidence indicates that H2AK119 ubiquitylation participates in Polycomb silencing [15] , X chromosome inactivation [20] , and repression of a subset of chemokine genes [17] .
In terms of the mechanisms by which H2AK119 ubiquitylation represses gene expression, Zhou et al. have shown the inhibition of RNA Pol II elongation by H2Aub [17] . Specifically, H2Aub is able to prevent the recruitment of the histone chaperone FACT (facilitate chromatin transcription) to the promoters of the repressed genes [17] . Additionally, H2Aub enhances the binding of linker histone H1 to nucleosomes in vitro Meas [21] . The influence of H2Aub on H1 binding is also supported by in vivo studies showing that H2A deubiquitylation by 2A-DUB (H2AK119 deubiquitylase) leads to dissociation of H1 from nucleosomes in human cells [22] . This implies that H2Aub may enhance higherorder chromatin compaction through helping H1 binding. Another mechanism revealed by a recent study indicates that H2Aub represses gene expression via trans-histone crosstalk with H3K27 trimethylation [23] , a histone mark linked to gene repression [24] . Specifically, H2Aub in nucleosomes functions as a binding site to recruit Polycomb repressive complex 2 (PRC2), which contains the methyltransferase that tri-methylates H3K27 [23] .
H2AK13/15 ubiquitylation is important for DSB signaling
As mentioned earlier, K13 and K15 on the N-terminal tail of H2A can also be ubiquitylated.
The main function of H2AK13/15ub appears to be a signal mark during DDR, particularly to DSBs.
DSBs trigger a cascade of modifications in chromatin surrounding the damaged site, signaling for the recruitment of a variety of downstream factors to activate cell cycle checkpoints and repair. One of the earliest modification events activated by DSBs is H2AX phosphorylation (γ-H2AX) [6] , primarily by the kinase ataxia telangiectasia mutated (ATM). Phosphorylated H2AX is directly recognized by MDC1 (mediator of DNA damage checkpoint protein 1) [25] , which functions as the scaffold protein at DSBs and is also phosphorylated by ATM. Phospho-MDC1 serves as a binding site for the E3 ligase RNF8 [26, 27] , which contains a forkhead-associated (FHA) domain and a RING finger domain. The FHA domain of RNF8 is responsible for the recognition of phospho-MDC1, and the RING finger domain is required for its E3 ligase activity [26, 27] . Mutation of either the FHA or RING finger domain of RNF8 disrupts the subsequent recruitment of BRCA1 and 53BP1 [26, 27] , two essential proteins in DSB repair. Although the ubiquitylation activity of RNF8 is important for DSB repair, it remains elusive what proteins are ubiquitylated by RNF8. In vitro studies indicate that both H2A and H2AX can be ubiquitylated by RNF8 [27] , and knockdown of RNF8 impairs DSBs-induced H2A and H2AX ubiquitylation in mammalian cells [26, 27] . However, a study using nucleosomal H2A as the substrate shows that RNF8 is unable to ubiquitylate H2A in the context of nucleosomes [19] . Instead, the E3 ligase RNF168 is responsible for ubiquitylating H2A in nucleosomes [19] , suggesting RNF168 is the direct E3 ligase targeting H2A in chromatin. The involvement of RNF168 in DDR was originally found by Doil et al. via high-throughput RNAi screening for genes required for 53BP1 recruitment to damaged chromosome [28] . The 53BP1 protein is an important regulator in DSB repair that stimulates the end-joining of distal DNA ends. Knockdown of RNF168 strikingly inhibits the accumulation of 53BP1 at DNA breaks [28] . The connection between RNF8 and RNF168 in DDR was further analyzed and it has been shown that the recruitment of RNF168 to DNA damage is dependent on RNF8 [28] . Moreover, RNF168 possesses multiple ubiquitin-binding domains (UBDs), which enable RNF168 to bind to ubiquitylated proteins [29, 30] . Collectively, these observations suggest that RNF8 localizes to DSBs prior to RNF168. The ubiquitylation products catalyzed by RNF8 are recognized by RNF168, presumably via its UBDs, leading to the recruitment of RNF168 to DNA breaks (Fig. 1A ). How does RNF8/ RNF168-mediated H2A ubiquitylation regulate DDR? A recent study demonstrates that H2AK15ub functions as a histone mark that can be directly recognized by 53BP1 [31] . Interestingly, 53BP1 appears to play a unique role in DDR by acting as a histone PTM reader, as it also binds to dimethylation on histone H4K20 (H4K20me2) [32] , another DSB-inducible histone mark [33] . Moreover, recognition of H2AK15ub by 53BP1 in nucleosomes requires the presence of H4K20me2, and vice versa [31] , suggesting that H2AK15ub functions cooperatively with H4K20me2 to promote 53BP1 recruitment to damaged chromatin.
H2A ubiquitylation is induced by UV DNA damage
In addition to functioning in DDR to DSBs, H2Aub is also involved in cellular response to UV photolesions. Different from DSBs, DNA damage induced by UV light is mainly helixdistorting pyrimidine dimers. The involvement of H2Aub in UV damage response was first revealed by the finding that UV irradiation induces H2Aub [34] . This induction is dependent on the functional NER pathway and occurs after incision of the damaged strand. In addition, the induced H2A ubiquitylation appears to occur at H2AK119, as the E3 ligase Ring2 is required for this induction [34] . However, another study suggests that H2Aub is first repressed by UV light and subsequently recovered, and its recovery requires the DDB-CUL4 E3 complex [35] . DDB-CUL4 is comprised of UV-damaged DNA binding protein 1 (DDB1), DDB2, and CUL4 [35] . These studies suggest that at least two distinct E3 ubiquitin ligases are able to ubiquitylate H2A in response to UV DNA damage-Ring2 and the DDB-CUL4 complex. But it remains unknown which residue(s) on H2A are ubiquitylated by DDB-CUL4 upon UV irradiation. Intriguingly, histone H3 and H4 are also ubiquitylated by DDB-CUL4 in response to UV damage, and H3 and H4 ubiquitylation destabilizes nucleosomes to allow for the recruitment of NER proteins [36] .
A more recent study suggests that H2Aub is important for UV damage signaling by facilitating the recruitment of BRCA1 and 53BP1 to UV lesions [37] . This study demonstrates that UV-induced H2Aub is dependent on the E3 ligase RNF8 and the scaffold protein MDC1 [37] . Whether or not RNF168 is involved in this process remains unknown. A likely mechanism for the induction of H2A ubiquitylation in UV-damaged cells is that the single-strand DNA generated during the NER process acts as the signal to activate γ-H2AX via the kinase ataxia telangiectasia and Rad3-related protein (ATR). The subsequent steps are similar to the DSB pathway, leading to H2A ubiquitylation (Fig. 1B) .
Thus, a generic signaling pathway for DNA damage-responsive H2A ubiquitylation appears to exist in mammalian cells. This pathway is initiated by γ-H2AX, catalyzed by ATM (for DSBs) or ATR (for UV lesions). γ-H2AX functions as the essential mark at the DNA damage sites to recruit MDC1, and phosphorylated MDC1 helps the recruitment of RNF8. The ubiquitylation activity of RNF8 is required for the recruitment of RNF168 to directly ubiquitylate H2A and H2AX upon DSBs and possibly other DNA damage such as UV lesions. The ubiquitylated H2A at K15, together with another epigenetic mark, H4K20me2, direct the binding of 53BP1 to damaged chromatin to signal for DNA repair and cell cycle checkpoints. 
H2B ubiquitylation and its role in transcription and DDR
In 1980, the Bonner's group found that human and mouse cells ubiquitylate 1-1.5% of their total H2B [38] . For 20 years, it was unknown which enzymes promote the addition of ubiquitin onto H2B. It was not until 2000 that the Osley's group identified the E2 ubiquitinconjugating enzyme for H2B (Rad6 in budding yeast) on lysine residue 123 (K123) [13] . Three years later, two different groups identified the E3 ligase Bre1 in S. cerevisiae [39, 40] . The identification of the yeast E3 ligase led the Reinberg's lab to discover the human homologues (RNF20 and RNF40), which perform the same function as Bre1 in ubiquitylating H2B on an analogous site as yeast H2BK123 (K120 in higher eukaryotes) [41] . Their study further showed that RNF20/40 and the E2 conjugating UbcH6 are sufficient for ubiquitylation of nucleosomal H2B in vitro.
H2B lysine residue 123 (120 in humans) is not the only site on H2B that is ubiquitylated. A large-scale protein posttranslational modification study using adult mouse brains identified K34, K46, K108, K116, and K120 as ubiquitylated sites on H2B [42] . Using a mutant Histagged ubiquitin (G76A) that prevents cleavage by ubiquitin proteases in yeast, the Tansey's group identified a number of lysine residues on H2B that are ubiquitylated independent of Rad6 and Bre1 [43] . However, since these alternative H2Bub sites have not been well studied, the subsequent paragraphs will focus on H2B ubiquitylation on residue K123 (K120 in humans).
H2Bub regulates chromatin dynamics
Ubiquitin (~8 kDa) is a large moiety that is over a third the weight of an H2Bub (~22 kDa) molecule. The H2B ubiquitylation site is on the C-terminal α-helix tail on the face of the nucleosome. Since the ubiquitin moiety is a large PTM situated on the nucleosome face, it was suspected that oligo-nucleosome compaction might be inhibited by affecting internucleosomal interactions. To test this, Chatterjee et al. developed a disulfide-directed method to ligate ubiquitin to a specific site on H2B and successfully reconstituted monoand oligo-nucleosomes containing homogeneously ubiquitylated H2B [44, 45] . Using this strategy, H2Bub was shown to disrupt higher-order chromatin compaction [45] but only shows marginal impact on nucleosome stability in vitro [46] . A caveat to these in vitro assays, though, is that both H2B molecules per nucleosome are mono-ubiquitylated, which is not known to occur in vivo. Instead, in vivo studies indicate that H2Bub stabilizes nucleosomes [47] and facilitates nucleosome reassembly in the wake of transcription elongation [48, 49] . These observations suggest that H2Bub plays a complex role in modulating nucleosome and chromatin structure. While this modification disrupts internucleosomal interactions, hence inhibiting higher-order chromatin compaction, it improves intra-nucleosomal interactions in the cell, possibly with the help of other cellular components such as the histone chaperone FACT [49] .
H2Bub-H3 methylation crosstalk modulates DNA damage-induced cell cycle arrest
Previous studies have demonstrated that H2Bub promotes diand trimethylation of H3K4 and H3K79 [50] [51] [52] . The H2Bub-H3 methylation (H3me) trans-histone crosstalk appears to be conserved in eukaryotes, as H2Bub stimulates H3K4 and H3K79 di-and trimethylation in both budding yeast and human cells [53, 54] , possibly through an H2Bub-methyltransferase bridge (Set1-COMPASS/Dot1) [55] . However, ubiquitylation does not have to be on H2BK123 (or K120 in humans) or even on H2B itself to propagate methylated H3 in vivo and in vitro [44, 56] , indicating a striking plasticity in H2Bub-mediated H3 methylation. Furthermore, deletion of the H2B deubiquitylases Ubp8 and Ubp10 was shown to colocalize H2Bub to genomic sites enriched for trimethylated H3K4 (H3 K4me3) and H3K79me3, respectively [57] . This suggests that Ubp8 and Ubp10 may target different cellular pools of H2Bub.
Rad6, the E2-conjugating enzyme for H2Bub, is involved in multiple DNA damage signaling pathways; therefore, it is conceivable that H2Bub may play a role in cellular response to DNA damaging agents. Indeed, when ubiquitylation of H2BK123 is absent in budding yeast, DNA damage checkpoint response is compromised by inhibiting the phosphorylation of Rad9 [58] . Yeast Rad9 (a homolog of human 53BP1) is an adaptor protein that amplifies the initial DNA damage signals from Mec1 and Tel1 (homologs of human ATR and ATM, respectively) [59, 60] . Interestingly, a defect in checkpoint signaling was also seen when the H3K79 methyltransferase Dot1 was absent, indicating the importance of the H2Bub-H3K79 crosstalk for proper DNA damage checkpoint signaling in yeast [58] . Epistasis studies using ionizing radiation, which induces DSBs, shows that BRE1 and DOT1 are in the RAD9 epistasis group [61] . Collectively, these data describe the interplay between H2B ubiquitylation and H3 methylation to facilitate DNA damageinduced cell cycle arrest.
The role of H2Bub in DSB repair and UV lesion repair
The precise function of H2Bub in DNA repair pathways is not fully understood. However, by analyzing yeast cell sensitivity to ionizing radiation it was found that H2Bub was implicated in DSB repair, and that yeast BRE1 functions in the same epistasis group as RAD51 [61] , in addition to RAD9 (see above). Yeast RAD51 is important for homologous recombination (HR) in DSB repair. Similar to yeast, the human RNF20-dependent ubiquitylation of H2B is also required for HR, and H2Bub was shown to recruit BRCA1 and RAD51 to facilitate DNA end resection for strand invasion [62] [63] [64] . In addition to HR, H2Bub facilitates the recruitment of non-homologous end joining (NHEJ) repair factors to DSBs [64] , suggesting that H2Bub regulates both DSB repair pathways ( Fig. 2A) . Furthermore, the human H2Bub E3 ligases RNF20 and RNF40 physically interact with ATM, and DSBs stimulate phosphorylation of RNF20 and RNF40 to ubiquitylate H2B [64] .
H2Bub and its dependent H3K79me also play a role in NER. It was found that an H3K79 substitution mutant has a defect in NER at the transcriptionally silent HML locus, which was most likely due to enhanced binding of the silent information regulator (Sir) complex to the HML locus [65] . Analysis on the non-transcribed strand of the constitutively active RPB2 locus showed that repair was deficient in cells that were unable to methylate H3K79, indicating deficiency in the sub-pathway called global genomic repair (GGR) [66] . This study also found a defect in GGR in cells that could not ubiquitylate H2B, indicating H2Bub as well as H2Bub-dependent H3K79me is required for efficient GGR in yeast.
H2B deubiquitylation responds to RNA polymerase II stalling
In contrast to repair, there have been many studies that focused on the contributions of H2Bub to transcription. During transcription, the Rad6-Bre1 complex is associated with elongating RNA polymerase II (RNA Pol II) to ubiquitylate H2B, reviewed in Weake and Workman [8] . In budding yeast, this is supported by a genome-wide study showing that H2Bub is predominantly located in the coding regions of actively RNA Pol II-transcribed genes [57] . Moreover, using an in vitro reconstituted chromatin transcription system, it was shown that the mammalian histone chaperone FACT recruits the transcription elongation complex PAF, which then recruits ubiquitylation enzymes to ubiquitylate H2B [67] . Thereafter, H2Bub stimulates FACT activity to allow H2A/H2B dimer displacement, permitting RNA Pol II to continue transcription through nucleosomal DNA [67] .
The RNA Pol II stalls when there are DNA lesions (e.g., UV photolesions) along the transcribed DNA strand, but cells employ the transcription-coupled repair (TCR) pathway to rescue DNA damage-arrested RNA Pol II [68] . Since H2Bub is tightly associated with transcription elongation, DNA damage-induced RNA Pol II stalling may have an impact on this modification. This hypothesis was tested by our recent study, where we showed that UV radiation caused a rapid and significant decrease in H2Bub in both budding yeast and human fibroblast cells [69] . The decrease in H2Bub was triggered by UV-induced RNA Pol II stalling and was dependent on the H2B-specific deubiquitylases Ubp8 and Ubp10. Moreover, H2B deubiquitylation was important for the rescue of RNA Pol II by TCR, as shown by the impaired TCR of UV-induced lesions in the absence of both Ubp8 and Ubp10 proteins. Furthermore, reduced TCR in a ubp8Δubp10Δ mutant occurred concomitantly with an increase in nucleosome occupancy, indicating that deubiquitylation of H2B is important for destabilizing nucleosomes near stalled RNA Pol II to allow efficient TCR [69] . Therefore, in addition to the role of H2Bub in transcription elongation, deubiquitylation of H2B is associated with transcription stalling and rescue of arrested RNA Pol II (Fig. 2B ).
Concluding remarks
During the past decade, we have started to understand the important roles of H2Aub and H2Bub in DDR, particularly in response to DSBs and UV photolesions. Even though H2Aub and H2Bub function quite differently in transcription regulation, they both participate in DNA damage signaling by facilitating the recruitment of DDR factors to damaged chromatin. This fits with the general observation that a cascade of protein ubiquitylation occurs in chromatin surrounding DNA damage to recruit downstream DDR proteins.
It is important to note, however, that the repressive effect of H2Aub on transcription is caused by the main ubiquitylation site in its C-terminus, whereas DNA damage-induced ubiquitylation occurs on the N-terminal tail of H2A. Whether or not the N-terminal ubiquitylation of H2A impacts transcription remains unknown. On the other hand, although H2Bub is important for cell cycle checkpoints in response to DNA damage, high level of H2Bub is inhibitory to TCR [69] . This suggests the existence of a precisely controlled mechanism in the cell to fine-tune H2Bub levels at the RNA Pol II stalling sites to coordinate RNA Pol II rescue and cell cycle arrest. One common theme in histone modifications is the complex 'crosstalks' among different PTMs, such as the crosstalk between H2Bub and H3K4me/H3K79me, reviewed in Weake and Workman [8] . Could H2Aub and H2Bub crosstalk with other histone PTMs during DDR? It seems possible that H2AK15ub might interact with H4K20me2 to promote 53BP1 recruitment, since the efficient binding of 53BP1 to nucleosomes require both epigenetic marks [31] . Furthermore, H2B deubiquitylase Ubp8 and H3 acetyltransferase Gcn5 co-exist in the SAGA (Spt-Ada-Gcn5 acetyltransferase) complex [70] . As both Ubp8-dependent H2B deubiquitylation and Gcn5-dependent acetylation are responsive to UV photolesions and promote repair [69, 71] , it is compelling that these two modifications may interact in NER. More studies will be required to further address the potential interactions between H2Aub, H2Bub and other PTMs for coordinated cellular signaling. 
